Open any undergraduate biology textbook, turn to the chapter on evolution, and you will probably encounter the story of Dr Kettlewell's moths. In the sooty forests of industrialized England, the rise of a dirty gray color morph in populations of the peppered moth (Biston betularia) is a classic tale of rapid adaptation to environmental change (Kettlewell 1972 ; Figure 1 ). This story of industrial melanism in Birmingham supposedly showed that microevolutionary change -evolution within species and populations -can occur rapidly in response to human impacts on the environment. In many ways, this "selection by smokestack" signaled the beginning of the current age of human-induced global change.
Despite this early example, an evolutionary perspective is rare in current discussions and research on the effects of global change (Travis and Futuyma 1993) . A search of articles in Global Change Biology from the past 10 years found that only 2% of the papers considered microevoluIn a nutshell: * Evidence that evolution can occur over ecological time scales suggests that adaptation to global change may be critical for species to escape extinction * Genetic variation, correlations between traits, gene flow, plasticity, and demography all influence the ability of a population to adapt to environmental change * Consideration of relevant evolutionary processes will enable restoration biologists to manipulate the genetic structure of source populations to maximize the adaptive potential of restored populations 'Department of Agronomy and Range Science, University of California, Davis, CA 95616 (kjrice@ucdavis.edu); 2Center for Population Biology, Department of Evolution and Ecology, University of California, Davis, CA 95616 tionary questions or topics. In predicting the biotic effects of global change, it appears that an ecological rather than an evolutionary orientation currently dominates the scene. Speculations on whether species will avoid extinction often focus primarily on their capacity to migrate in response to climate change (Peters and Darling 1985). This ecological viewpoint discounts the potential to avoid extinction by in situ adaptation to climate change by microevolutionary processes (Geber and Dawson 1993) . A purely ecological perspective would have predicted (incorrectly) that the conspicuousness of a white peppered moth against a sooty tree trunk in a forest full of hungry birds would drive the species to local extinction. Evolution, not just ecology, explains the species' persistence. A more complete understanding of the role of evolution in shaping populations and species will help conservation biologists and restoration ecologists make management decisions that facilitate the persistence of diversity in the face of global change.
* The time scale of adaptation
Why are evolutionary processes largely ignored in restoration and conservation management? A primary explanation is the assumption that evolution takes a long time, a view based on observations of slow rates of change over long periods of time in the fossil record. The fossil record not only indicates that evolutionary change (in preserved morphological traits) occurs slowly, but that species have responded to global change in the past primarily by migrating. Unfortunately, migration may not be a viable option for today's global biota, given the current rate of habitat destruction (Geber and Dawson 1993 Table 1 ). The emerging recognition of "contemporary evolution" -observable evolutionary change that occurs within decades -has stimulated awareness that evolutionary concepts need to be incorporated in conservation thinking and management practices (Stockwell et al. 2003) .
Intraspecific genetic variation is "where the action is" in terms of microevolution. Genetic differences between populations reflect the past actions of selection and gene flow, and genetic variation within populations represents the potential for further adaptive change in response to new selective challenges such as global warming. A lack of a microevolutionary perspective in global change research may result from a research agenda focused at the species level, with little consideration of intraspecific variation. In fact, we believe this minimization of the importance of intraspecific genetic variation in ecological studies goes far beyond just global change research. For reasons that are not entirely clear, many ecologists assume that intraspecific genetic variation is not very important in most ecological interactions. For example, we surveyed experimental studies on plant competition published in Ecology over the past 10 years. Of the 56 studies we identified, 51 (over 90%) did not consider the effects of intraspecific genetic variation on competition at the species level. We inferred a lack of interest in intraspecific variation if only a single population was used, or the author failed to provide any information on the sources of plant material. We suspect that a lack of appreciation for the impact of evolutionary processes on ecological interactions is widespread in the field of ecology, although there have been some encouraging signs recently that this may be changing (Agrawal 2003).
Microevolutionary processes can have important consequences for species conservation, management, and restoration ). However, one cannot assume that adaptation will "rescue" species from global change; evidence from mass extinctions during past periods of climate change (ie glaciation), as well as contemporary restrictions to species ranges, suggest that there are limits to adaptation (Hoffmann and Blows 1993) . So, what are the factors limiting the potential for rapid evolutionary change to save species from extinction in the face of global climate change? Are there certain characteristics of species or particular environmental conditions that make adaptive responses more or less likely? How can restoration and management practices account for, and even use, evolutionary processes in conservation efforts? To begin to answer these questions, we examine some of the relevant evolutionary theory on adaptation, and discuss the potential for evolutionary processes to influence species responses to global change. To provide examples for putting conservation and restoration into an evolutionary context, we examine two classic California plant communities -vernal pools and blue oak woodlands. Finally, and perhaps most importantly, we explore several means by which human intervention can incorporate evolutionary thinking into translocation and restoration practices, to increase the probability of species adapting to global change before going extinct.
* The adaptive race against extinction
The selective pressures imposed by humans on the environment go far beyond the industrial pollution experienced by Kettlewell's moths. Human impact ranges from over-harvesting and habitat reduction to direct modification of the earth's atmosphere, waters, and soils, and the alteration of global geochemical cycles and temperature (Western 2001 
Hoffmann and Blows 1993). Together, these models indi-higher amounts of genetic variation (Figure 2, right). cate that adaptation to changing environments depends
However, although the reduction of genetic load by staheavily on the interactions between genetic and demo-bilizing selection allows finely tuned adaptation in congraphic responses of populations to the changing selec-stant environments, tight adaptation has a cost when tive pressures. environments change, thereby making the optimum a moving target (Figure 3 . left). When the optimum shifts, Genetic variation a narrowly adapted population with low levels of heritable genetic variation will contain few genotypes with the The presence of substantial heritable genetic variation new optimal phenotype (Figure 3, right) . A population plays a critical role in the adaptive potential of a popula-with higher levels of heritable genetic variation has a bettion. In the simplest case, the evolutionary response of a ter chance of evolving towards the new optimum, population to a changing environment is a function of because it has a greater number of genotypes with the heritable variation in the population and the intensity of "correct" phenotype (Gilpin and Soule 1986). During the selection. In a constant environment, evolutionary theory lag between the environmental change and adaptation, predicts that stabilizing selection removes non-optimum selection will cause a reduction in population fitness, genotypes from the population, reducing the genetic load because the environmental change increases the propor--the number of harmful genes maintained in a population tion of maladapted individuals in the group (Lynch and -and "fine-tuning" the population to its environment Lande 1993). The probability that a population will per- (Figure 2, left) . Consequently, in a static environment, a sist through this lag and adapt to the new phenotypic population that exhibits the optimum mean phenotype optimum depends upon the spread of genetic variation in and low genetic variation will have a higher mean fitness the population, as well as the degree of plasticity and the than a population with the same mean phenotype and growth rate of the individuals. 
Demography
Generation time is a demographic parameter that should strongly influence the rate at which a species will evolve, although this is often difficult to estimate. All else being equal, an annual plant population should be able to respond much more rapidly to a changing climate than a stand of long-lived trees. This is not to say that longer lived species cannot demonstrate contemporary evolution. Several observations suggest that evolutionary forces may heavily influence the persistence of vernal pool plant communities in the face of global change. The annual habit of most plant species probably facilitates rapid adaptive response to changing selective pressures. In fact, adaptive genetic differentiation across small-scale moisture gradients was found in purslane speedwell (Veronica peregrina) (Linhart 1988) , illustrating the potential for adaptive shifts in the resident taxa. Large year-to-year variation in rainfall patterns, which somewhat mimics the increased climatic variability expected to occur with global change, may have provided the selective pressure for plant seed banks and invertebrate egg banks as demographic buffers against the unpredictable environment. By maintaining a large population below ground, these dormant propagules reduce the potential for losing genetic variation through population bottlenecks and represent a storehouse of heritable genetic variation that might foster adaptive shifts (Levin 1990 ). The patchy nature of these pools results in naturally fragmented populations that may restrict antagonistic gene flow between pools experiencing different selective regimes. Thus, in many ways we might expect these veral pool communities to be "pre-adapted" to show a rapid evolutionary response to global change.
Of course, these and other aspects of vernal pools may constrain the capacity of resident annual populations to respond to global change. First, vernal pool habitat has been drastically reduced over the past 150 years in the Central Valley of California; one can only guess at the effect of this massive habitat destruction on genetic diversity within the remaining pool populations. Further, although vernal pools are patchy in the landscape, it is not at all clear how the human-imposed fragmentation of pool complexes has affected natural gene flow patterns and thus the capacity for pools to "share" genetic variation important for adaptive shifts. The genetic storehouse of seed and egg banks also represents one of those "good news/bad news" aspects of gene flow. In a rapidly changing environment, a large, persistent seed bank that contains genotypes adapted to previous environments may represent a pool of maladaptation rather than a storehouse of genetic innovation. Germination of these maladapted individuals into the aboveground population represents a kind of antagonistic "gene flow from the past" that may hinder adaptive responses to the current selective regime.
It is important to remember that insect pollinators are crucial to many of the outcrossing vernal pool plant species. Solitary burrowing bees, highly specialized in their pollination behavior, are important pollinators of many vernal pool plant species (Thorp and Leong 1996) . Given that new species of these bees are still being discovered (R Thorp pers comm), it is not surprising that we do not know whether these pollinators will be able to adapt to One of the first tenets of ecological restoration is to consider the option of doing nothing. Rather than spending time and money on the introduction and establishment of species at a restoration site, it may be cost effective to allow natural recruitment processes to take place. The decision for no action may also be preferable in restoration genetics. If populations seem demographically viable and probably contain enough heritable variation in traits that are important for adaptation, then the best course of action may be monitoring rather than active intervention. A recent meta-analysis of phenological shifts of several broad taxa in response to global warming suggests that plant and animal populations may already be evolving in response to climatic shifts (Root et al. 2003) . A triage approach could focus restoration efforts on those taxa that are not adapting at all, especially if they appear to be demographically imperiled.
If some sort of intervention is necessary, then it is clear that we have the capacity to exert a major influence on evolutionary processes. The history of biological invasions has taught us that, either by accident or design, humans are great vectors for the dispersal of all kinds of plant and animal propagules. Aided by time, money, and determination, we have a huge potential to change patterns and rates of gene flow and modify the genetic structure and adaptive capacity of existing or newly created populations.
Humans as gene dispersers
Human introduction of a large number of propagules to a site to create a "ready-made" population is a rather unnatural process. This human-facilitated "en masse" migration is very different from the scenario typically envisioned for natural founder events, where just a few individuals colonize a site. In theory, large introductions from appropriate source populations can reduce the probability that adaptation to climate change will be hindered by a lack of adaptive genetic variation. Although this type of large introduction is biologically unusual, it reduces the chance of genetic bottlenecks if there is substantial genetic variation within the introduced population. A determined restoration practitioner can further reduce the chances for bottlenecks and demographic extinction by repeated introductions at a site. After initial introduction, a management strategy that reduces temporal fluctuations in population size will also decrease the loss of genetic variation through drift. Furthermore, the source of the introduced genotypes can be targeted and not left to chance.
Easing the genetic load
When restoration biologists attempt to restore a population to an area from which it has been extirpated, they determine the genetic properties and thus the evolutionary potential of the initial population. Unfortunately, restoration propagules are often introduced without any consideration of the genetic variation and history of selection in the source populations. Although necessary for an adaptive response to selective challenges, a large amount of heritable genetic variation can be "too much of a good thing", and can cause a severe genetic load if many of the individuals in a population deviate greatly from the current optimum phenotype. On the other hand, a population with low levels of heritable genetic variation, finely tuned to the current selective optimum, will have little capacity to adapt to new conditions. This is especially true if the new environment has a phenotypic optimum far from the native environment's optimum, or if the optimum shifts rapidly with global change. By manipulating the genetic constitution of restored populations, it might be possible to strike a balance between an acceptable level of genetic load and the capacity for further adaptive shifts. In essence, this type of "coarse selective tuning" adjusts the balance between existing adaptation and potential adaptation. An example in plant restoration might be the creation of regional seed mixes that are delineated by climate zones but also contain genotypes collected from a variety of microenviron-ments within each zone. By matching seed sources to climate, one reduces the chance that completely maladapted genotypes will be introduced (ie reducing the initial genetic load), while the genetic diversity present within the mixture allows fine-scaled adaptive tuning to take place in the future.
Another approach would be to collect planting material from the edges of a species range. Although these marginal populations may contain reduced levels of genetic variation because of small population sizes and/or past founder effects, they may possess novel adaptations to environmental extremes that could be important for evolutionary response to climate change ( . The fact that variation in molecular markers is usually "invisible" to natural selection is precisely why isozymes, amplified fragment length polymorphisms, and microsatellites are used to independently estimate gene flow and genetic drift "uncontaminated" by the effects of selection. As a result, these molecular markers, often called "neutral markers", cannot be used to infer scales of adaptation or patterns of variation in traits that might be important in adapting to climate change (Ashley et al. 2003) .
I
That type of information lies in the realm of quantitative genetics and comes from time-honored techniques such as common garden experiments and reciprocal transplants. In an ideal world, a wide range of population samples from each species would be tested by researchers in carefully designed gardens across a range of environments in order to understand patterns of adaptive genetic variation within and among populations as well as patterns of adaptive plasticity. Clearly, however, it will not be possible to conduct extensive garden and transplant experiments for even a small subset of species that will be affected by global change. Unfortunately, in addition to being time-consuming and labor intensive, it is difficult, if not impossible, to effectively apply these techniques to many animal species or to long-lived plant species such as blue oaks.
What might be an alternate, more realistic strategy? It is possible that information on scales of adaptation could be gleaned from the large number of ongoing restoration projects both in the US and abroad. Although these projects often leave a lot to be desired in terms of experimental design, they could represent a large untapped source of information on what does and does not work (genetically) during restoration (Stockwell et al. 2003) . If reasonable records of the genetic sources of material used in the restoration project are available, at least some rough estimates of adaptive zones might be inferred.
The use of existing environmental data to better understand the selective regime within the range of a species can also go a long way towards predicting potential patterns of adaptation. Genetic distances in adaptive traits between population are often correlated with the environmental distances among the home sites of the populations (Knapp and Rice 1998). Horticultural climate zones found in most gardening guides are probably excellent indicators of climatically distinct selection regimes, and this type of environmental information is increasingly available on the Interet. Holt (1990) warned that "predicting the microevolutionary consequences of climate change for even a single species is dauntingly complex". Because we know so little about contemporary gene flow and selection, restoration genetics is still a very inexact science. Admittedly, manipulating evolutionary processes to foster adaptive response to climate change is inherently risky. It is an unfortunate reality that difficult decisions in genetic restoration will have to be made, based on incomplete knowledge. However, we hope that a better appreciation of the importance and potential for rapid adaptive change might provide scientists and managers with evolutionary options that have not been widely recognized. For the great global "damage control" operation that will be needed in the next century, we can use all the help we can get.
